This chapter presents an overview of land cover and land use change in northern Europe, particularly during Late Antiquity (ca. 2nd-8th c. A.D.) based on fossil pollen preserved in sediments. We have transformed fossil pollen datasets from 462 sites into eight major land-cover classes using the pseudobiomization method (PBM). Through using pollen-vegetation evidence, we show that northcentral Europe, lying outside the Roman frontier (the so-called 'Barbaricum' region), remained predominantly forested until Medieval times, with the main clearance phase only starting from ca. A.D. 750. This stands in contrast to north-west Europe, both inside (France/England) and outside (Scotland/Ireland) the Roman imperial frontier; here a majority of forested land was already cleared prior to antiquity. The implications of this are that Roman expansion into the periphery of the empire largely took over existing intensive agrarian regions in the case of 'Gaul' (France) and 'Britannia' (England and Wales). Pre-existing land-use systems and levels of landscape openness may have played a role in directing the expansion of the Roman empire northwards into Gaul and Britannia, rather than eastwards into Germania. After the period of Roman occupation, partial reforestation is evident in some areas.
INTRODUCTION
Regional landscape characteristics may have been important in influencing human land use patterns and the advancement of the Roman frontier across Europe. The aim of this study is to explore land use change on a regional scale, within and beyond the Roman frontier, in north-west and north-central Europe. For this, we use multiple pollen records in order to compare the timing of shifts in land use patterns in relation to historical and archaeological evidence of changing human activity during Late Antiquity (ca. 2nd to 8th c. A.D.), within the longer-term context of the Mid-Late Holocene (4000 B.C. until present). Previous pollen-based syntheses of land-cover change for central and northern Europe have highlighted the importance of human land use in influencing patterns of Mid-Late Holocene vegetation change. 1 The European continent has undergone significant landscape alterations throughout the Holocene as a result of climatic fluctuations and human land-use changes. Fossil pollen, preserved in lake and peat sediments, has provided a valuable tool in understanding past vegetation change, and various approaches have been developed to turn pollen data into records of quantified vegetation cover and land use change.
2 These methods can allow us to consider the time at which human land use began to alter vegetation at both local and regional scales. advent of the so-called post-Classical 'Dark Ages' across Europe. The amalgamation of pollen datasets across broad sub-continental areas, and sub-regions within Northern Europe, allows differences in the timing of vegetation shifts to be identified in relation to these historical-cultural changes.
METHODS

Pollen Analysis and Pseudobiomization (PBM)
Fossil pollen preserved in peat and lake sediments provides a proxy for vegetation and landscape change through time. Numerous radiocarbon-dated pollen records from the European Pollen Database (EPD) 14 have been synthesised and transformed for a selection of regions ( fig. 1 ) to reflect patterns in different regions encompassing areas that would have been within and outside the margins of the Roman empire. The Pseudobiomization Method (PBM) has been used in order to identify regional-scale vegetation changes. This includes 190 sites in north-west Europe and 225 from north-central Europe, which are split into a number of sub-regions. 'Germania' covers the region of north-central Europe from the Rhine in the west to Vistula (present day Poland) in the east, the Danube in the south to the Baltic Sea in the north. 'Gaul' covers France, Belgium, small parts of south-west Germany and the southern Netherlands. Although this is an extensive dataset, there is spatial bias in the distribution of sites, with limited coverage of EPD sites in some regions, such as lowland England. The PBM provides a relatively simple and easily applied approach for turning complex pollen data into Land-Cover Classes (LCCs) related to human land-use change at 200-year time intervals. 15 The key strengths of the PBM are that it can be easily applied to large datasets, is informative about broad-scale vegetation change through time, and has been developed to indicate anthropogenically-induced land-cover change by incorporating taxa that are indicators of land uses, such as agriculture and grazing. The approach is less complex than some other methods for the transformation of pollen to vegetation cover data, which rely on a detailed understanding of the differences in pollen productivity and dispersal between plant taxa. This is the case with the REVEALS (Regional Estimates of VEgetation Abundance from Large Sites) approach, 16 which incorporates differences in pollen production based on PPEs (Pollen Productivity Estimates), albeit for a more restricted number of taxa.
The correlation and correct interpretation of pollen records is dependent on good chronological control from radiocarbon-dated core sequences. Chronologies constructed in recent years have been used to sum the pollen count data from each site into 200 year time windows for the records analysed in this study. 17 The PBM approach is based on assigning each pollen taxon to one of a series of LCCs (table 1)-such as Quercus to deciduous woodland, or Secale cereale to arable land-cover)-and identifying which LCC has the majority of pollen grains assigned to it. This becomes the 'dominant' land-cover type for that particular pollen sample level within a core sequence, which can include one of eight classes (table 2) . Additionally, broad-leaf forest was down-weighted (x 0.6) and arable / disturbed land was up-weighted (x 1.3) in the dataset. This partly compensates for the over-and underproduction of pollen in these broad groups, and is based on the results of a comparison of modern pollen and remotely-sensed vegetation. 18 Semi-open and mixed vegetation LCCs are defined using a threshold value between the sum of closed and open land-cover, 19 which is a proxy for relative change in vegetation openness ranging between -100 and +100. This has been presented stratigraphically as symbols, indicating the assigned LCC for a selection of sites representing each case study region. The proportion of each LCC represented in each 200 year time window has been calculated to reconstruct spatially aggregated records of land-cover change for different regions of north-west and north-central Europe ( fig. 1) . The results are presented as the percentage of samples assigned to each LCC through time, both for multiple records within each region, in order to create a regional average, and also for individual pollen records, in order to show more local trends.
Historic Geographic Forest Maps / Domesday Records
Historic records of forest cover have been compared against the pollen-inferred land-cover change reconstructions, to test their ability to accurately reconstruct vegetation. 21 The use of these historic sources is limited by the data collection approaches used (e.g. place name evidence), and consequently the area mapped as forest may not represent true forest cover, particularly for the early Medieval period.
RESULTS
Relative change in the abundance of different land-cover types throughout Late Antiquity is illustrated in figures 2 and 3, which is placed within the context of the Mid-Late Holocene. Regional variation in the timing and amplitude of forest loss and increasing open land from around 4000 B.C. is demonstrated in figure 2, 23 However, the pollen-inferred PBM closed sum, which provides an indication of forest cover, shows higher values than those provided by Rackham (fig. 5a ). Differences in the exact time periods covered by these datasets, and the limitations of inferring past forest cover from historic sources, may account for the differences in these values. The comparison between an historic forest map for north-central Europe (mainly covering Germany) ( fig. 1 ) and the PBM closed sum ( fig. 5b) indicates similar values around A.D. 700-900 and A.D. 1850-1900, showing a decrease in forest cover between these dates, but also shows that values remained high (above 30%) in the more recent time period. The forest map for A.D. 1850-1900 is likely to be a more reliable historic source, whereas the map for A.D. 700-900 may show significant over/under estimates of forest cover. However, when considering relative changes, both the pollen data and the historic maps show a decline in forest cover between these dates.
DISCUSSION
Regional and Local Vegetation Changes Inside and Outside the Western Roman Empire
The sub-continental and regional-scale changes evident in the PBM-transformed pollen records for north-central and north-west Europe, highlight the extent of spatial and temporal variability that existed in land use and forest loss patterns throughout the Mid-Late Holocene. The greater percentage of samples assigned to forest LCCs in north-central Europe (Germany, Poland, Czech Republic, southern Sweden and Denmark), indicates that a more densely forested landscape persisted for longer in all areas (excluding parts of southern Sweden and Denmark) in comparison with north-west Europe (England, Wales, Scotland, Ireland, France and Belgium) , where open vegetation types are abundant much earlier in the records. Thus, prior to antiquity, it appears that there was already greater intensity of human land use for agriculture in these north-western areas.
These patterns are similarly reflected in other broad-scale vegetation reconstructions for northern Europe. 24 The patterns of landscape change identified in the PBM results (figs. 2, 3 and 4) are also reflected in numerous individual pollen sequences from temperate Europe. For example, in a record from northern England (Gormire Lake), a pattern indicating forest loss was identified from 200 B.C. that was contemporaneous with increased grass pollen and various other agricultural indicators, which was followed by forest recovery from ca. A.D. 500. 25 Similarly, another record from northern England showed three Late Neolithic-Bronze Age woodland clearance phases from ca. 2290 B.C., with Late Iron Age clearance and agricultural intensification from ca. 300 B.C., and a peak period of clearance ca. 90 B.C. until A.D. 50. 26 This highlights that forest removal was extensive in England prior to Late Antiquity, and the patterns described are consistent with the amalgamated PBM results for England.
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In a study of long-term human impacts on landscape and vegetal biodiversity in the Auvergne region of France, using pollen data, a decline in forest cover from around the 2nd c. A.D. was identified, along with a progressive period of widespread woodland exploitation for agro-pastoral purposes.
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Woodland clearance was identified as already evident prior to this period, with pastoral and arable agriculture apparent at the local and regional scales. These kinds of patterns reflect the overall regional trends identified in the PBM results for north-west Europe. Individual pollen records from north-central Europe indicate similar patterns of land use change to those in the records from north-west Europe, but with differing impacts on forest cover. For example, in a pollen record from the Eifel region of Germany close to the Roman frontier (Holzmaar) ( fig. 4 : site 9), a high percentage of trees and shrubs was identified, but with variations in the main tree types throughout Late Antiquity. 29 However, this record also shows persistent grasses and agricultural pollen types throughout this period, followed by forest recovery from ca. A.D. 200. The PBM-assigned LCCs for this record ( fig. 4) indicate that the forest type remained broad-leaved, with a shift to semi-open vegetation through Late Antiquity, and a subsequent return to forest LCCs around A.D. 500. 24 E.g. Trondman et al. (2015) ; Fyfe et al. (2015) . 25 Oldfield et al. (2003) . 26 Yeloff et al. (2007) . 27 See Rippon and Fyfe (this volume) for a discussion of pollen records from the British Isles covering Late Antiquity. 28 Miras et al. (2015) . 29 Litt et al. (2009). In a pollen record from Poland, continuous human land use was identified between the 7th c. B.C. and the 10th c. A.D., linked to agriculture.
30 Therefore, human land use appears to have been significant throughout Late Antiquity in some parts of north-central Europe (Germany and Poland in particular) and the records mentioned above provide evidence for considerable agriculture in northcentral Europe throughout this time period. This demonstrates the added value of a synthetic approach, using multiple pollen records covering large areas, and the sub-regions within these areas, which allows interpretations between regions.
The inter-regional comparisons provided by the PBM analyses can help us to explore where and when some areas experienced greater forest loss than others. Unlike the individual pollen records discussed above, the amalgamated PBM-based vegetation reconstruction shows that while there is evidence of continuous agriculture in north-central Europe, its impact on forest cover was not as significant as in parts of north-west Europe. Using the REVEALS approach, it was found that the degree of anthropogenic transformation of forests to cultivated and grazing land in northern Europe was significantly higher than inferences based on pollen percentages alone. In an analysis of 73 pollen records from the British Isles using the REVEALS approach, it has been shown that Britain had a greater degree of landscape openness at the regional scale than areas across mainland Europe. 33 This study also highlighted the considerable spatial bias in the dataset towards wetland areas (such as fens) and uplands in the British Isles, and this may partly explain the higher estimates of landscape openness for the region. The patterns in the PBM results for different subregions of northern Europe may be explained by differences in certain landscape characteristics. For example, flat expanses on clay-rich soils have been described as areas with the most intensive agricultural impact, with hilly areas remaining rich in forest, and poor sandy soils becoming dominated by heathland, for example, in Denmark and southern Sweden.
34 Semi-open vegetation is the most abundant class in the PBM results for southern Sweden and Denmark ( fig. 2) , and the patterns identified in the PBM results for southern Sweden are different to other parts of the central European study area. The quantified land-cover reconstruction based on the REVEALS approach suggests that by the Late Bronze Age / Early Iron Age, significant areas of southern Sweden were under human use for crop cultivation and pastures, 35 which includes areas that the PBM approach has defined as semi-open vegetation. In some western parts of Europe the most pronounced human impacts on vegetation took place during the Roman period; however, in Ireland renewed agricultural activity occurred later, after 30 Szal et al. (2014) . 31 Trondman et al. (2015) . 32 Trondman et al., 2015) . 33 Fyfe et al. (2013) . 34 Berglund et al. (2003) ; Gaillard et al. (2015) . 35 Gaillard et al. (2015) . around A.D. 300. 36 In continental Europe, regional forest regeneration has been identified during the 'Migration Period' (A.D. 400-550) in marginal areas of Denmark, southern Sweden, the Baltic Sea coast, north-east Germany, and northern Poland.
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When multiple fossil pollen sequences are analysed over broad regions, the results support the hypothesis that landscapes differed within and outside the Roman frontier, with greater open land inside the frontier prior to Roman advancement into this region, and continued persistence of forested land for longer outside of the frontier in continental Europe, particularly in what is now Germany, Poland and the Czech Republic. Figure 4 , which is based on a selection of individual pollen sequences, highlights that within each region there are differences between individual sites. Three out of the six selected sites in Germany show evidence of forest loss prior to antiquity (around the 8 th c. B.C.), while three others show this only occurring in the Medieval period (from around the 5 th c. A.D.). However, in comparison with England, none of the six German sites show predominantly open landscapes through Antiquity; even those that had experienced some clearance were still partly forested.
Temporal and spatial changes in forest cover will have also been influenced by climatic variability, but this is likely to have been more significant over longer multi-millennial timescales than during the 1st millennium A.D. Associations have been made between climatic conditions and the advance and retreat of the Roman empire, 38 . Paleoclimate records also reveal regional variability in climate trends through Late Antiquity across Europe.
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Vegetation Change and the Expansion / Retreat of the Cultural Landscape
The last 2500 years (from around 550 B.C.) is described as a period characterised by the widespread transformation of Europe's land cover associated with human land use.
40 This is reflected in shifts in pollen records from closed forest to open land-cover, 41 and also coincides with increased human population levels. 42 Considerable forest loss had therefore already occurred in north-west Europe before the arrival of the Romans, as a result of land-use and land-cover change during later prehistory, which accelerated during antiquity. 43 There are numerous driving forces that would have influenced the pattern of Roman expansion and the regions conquered and incorporated into the empire. For example, as demonstrated in the pollen record, lowland Britain was already a largely cleared agricultural landscape in 55 B.C. 'Britannia' may therefore have appeared economically valuable, whereas much of 'Germania' was still densely forested at this time.
The causality behind expansions or regressions of the cultural landscape, and land-use changes, is complex. 44 However, one possibility is that Britain was invaded and occupied by the Romans due to the economic gains that were offered by an already cleared agricultural landscape, with many existing rural settlements that could be incorporated into the Roman villa system. There was a large degree of regional variation in Romano-British agriculture, with significant diversity of Roman rural settlement across the landscape. 45 The Roman army also experienced setbacks in Germania, such as the Battle of the Teutoburg Forest in A.D. 9, one of the Roman army's greatest military defeats, and which discouraged further expansion into this region. The dense forests that still existed east of the Rhine were likely to have been an impediment to the Roman armies and an asset to Germanic tribes; the latter may have had a military advantage thanks to a lack of battles in open terrain. The pollen evidence therefore implies that differences in regional landscapes, and particularly in the economic value of agricultural and forested land, may have influenced the spatial pattern of Roman expansion.
At the northern European scale, it has been shown that there was a reduction in the pace of forest clearance between ca. 50 B.C. and ca. A.D. 600, '. 48 This was followed by renewed forest clearance during the Medieval period, particularly in central Europe, which had remained largely forested throughout Late Antiquity. The PBM results show evidence of reversals in the total forest cover for north-central and north-west Europe, but the changes in the total forest cover were small during and after Late Antiquity, according to the records analysed at an amalgamated regional scale, even if individual sites show periods of reforestation. 49 When the Rhine frontier collapsed in A.D. 406 the Romans began to withdraw from Britain and never returned. 50 The post-Roman decline of agriculture and the gradual appearance of new land-cover types leading to reforestation, would have been spatially and temporally variable. During the period covering the fall of the Roman empire, woodland levels stabilised in the pollen records for north-west and north-central Europe, until a further more dramatic decline in forest cover over the last 1100 years (since ca. A.D. 950). A comparison with historic records using the forest map for central Europe and Rackham's land cover records for Domesday England, implies that there was still a tangible difference in forest cover between England and Germany in Medieval times.
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CONCLUSION
The contrasting vegetation reconstructions for north-west and north-central Europe indicate significant regional variation in the timing and extent of forest loss between these regions. Many forests in England and Wales ('Britannia') and France ('Gaul') were converted to arable or pasture land by existing Celtic populations in the Iron / Bronze Ages. By the 1st c. B.C., both of these regions had dense rural populations and productive agrarian economies that would have made them appealing targets for Roman imperial expansion. These areas also may have been easier to conquer and to control militarily by Roman invaders than the still-densely forested lands east of the Rhine.
The PBM-inferred land-cover reconstruction indicates that much of north-central Europe remained densely forested until ca. A.D. 950, whereas north-west Europe, particularly Britain, was already an open landscape prior to the Roman arrival. During the centuries after the end of Roman imperial rule, the decline in forest cover was halted or reversed in many but not all regions; in most of northern Europe there is evidence of forest recovery in the period before the main onset of Medieval economic and demographic growth. Forests, or the lack of them, may therefore have been both a cause and a consequence of the nature of Roman imperial expansion, and its post-antique retreat and the societal reorganisation that followed. This research was funded by Leverhulme Trust grant F00568W. The authors would like to thank a number of individuals who have supported or contributed towards this project, including contributors to the European Pollen Database (EPD) for sharing their data, Shaun Lewin for assistance with data manipulation, and Basil Davis for useful discussions. We would also like to thank Thomas Giesecke and others involved in the formulation of new chronologies for the EPD pollen records, and Michelle Leydet (the EPD manager). Figures   Fig. 1 . Northern Europe case study areas with fossil pollen site locations (numbers reflect sites presented in fig.  4 ). Symbols indicate sites grouped for analyses. The shaded area represents the Roman imperial frontier and the grey box highlights the area of the historic forest map: Schlüter (1952) ; Thomas (1970) . Rackham (2003) , with pollen-inferred closed sum based on the pseudobiomization (PBM) approach and historic woodland percentage for Devon and averaged for England, from Rackham (2003) ; b) comparison of a historic forest map (Schlüter (1952) ; Thomas (1970) ) for north central Europe, and the pollen-inferred PBM forest sum for the same region. Tables   Table 1. Land Cover Classes (LCCs) defined for the pseudobiomization (PBM) method with assigned pollen taxa. Table 2 . Land Cover Classes (LCCs) defined for the pseudobiomization (PBM) method. 
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